Much work has been done on the isolation, purification, and characterization of the RNA-directed RNA polymerase (EC 2.7.7.48) of cucumber mosaic virus (CMV)-infected cucumbers. Uninfected plants were reported to have no such enzyme, but we recently detected low levels of the activity in cucumber. Since tobacco and cowpea contain such an enzyme that is variably increased in amount by various virus (as well as viroid) infections, we assumed that this would also be the case upon CMV infection of cucumber. However, further purification and characterization of the RNA-directed RNA polymerases from healthy and from infected cucumber suggests that these are different enzymes. The presumed CMV replicase was obtained pure and consists of a major polypeptide of Mr 100,000 and minor components of Mr 110,000 and about 10,000. The Km is 5 pM ([3H]GTP) when tobacco mosaic virus RNA is used as template.
RNA is used as template.
The role of plant RNA-directed RNA polymerases (EC 2.7.7.48) in the replication ofRNA viruses remains uncertain. The RNA of cowpea mosaic virus, a virus resembling picornaviruses (1) , appears to become replicated without participation of the cowpea RNA-directed RNA polymerase, although the amount of the enzyme is greatly increased by that virus infection (2) (3) (4) . Several studies of viral replication complexes-particulate aggregates containing several proteins, membranous structures, and RNA-have given conflicting results in terms of containing the host enzyme and/or one or several viral gene products (5) (6) (7) . In barley infected with brome mosaic virus (BMV), evidence for a virus-specific component in viral RNA replication was reported (5, 8) . However, in tobacco no evidence was found for any role of a protein encoded by the infecting tobacco mosaic virus (TMV) in viral RNA replication (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) .
The tobacco enzyme, as well as those of other plants, have molecular weights of 130,000-140,000. In contrast, the presumed viral RNA replicases have approximate molecular weights of 180,000 plus possibly 130,000 (TMV and turnip yellow mosaic virus) or 110,000 and possibly 70,000 [BMV and cucumber mosaic virus (CMV) ]. Yet the molecular weight of the largest gene product of tobacco necrosis virus is only about 65,000. The need for both host and viral components for viral RNA replication is quite likely. This has been observed to be the case with the RNA bacteriophages and picornaviruses. Our present concern has been with cucumber, a plant reported to lack RNA-directed RNA polymerase, and the replication of CMV in this plant. We have found small amounts ofRNA-directed RNA polymerase in cucumber, partially characterized it, and compared it with the enzyme, produced in greater amount and obtained in pure form, from CMV-infected cucumber. It appears that the presumed CMV replicase has a molecular weight of about 100,000 and 110,000, whereas that of the cucumber enzyme is about 140,000. The earlier report that the Mr 100,000 enzyme differs in peptide pattern from the viral gene product corresponding to that size (23) cotyledons was not successful, because of the low activities and losses occurring in subsequent steps. Enzyme from CMV-infected tissue was further purified according to steps 3 and 4 (see below).
Step-2 and step-4 enzyme were centrifuged in glycerol gradients (step 5) and occasionally were subjected to NaDodSO4 polyacrylamide slab gel electrophoresis for final characterization (step 6). All steps were performed at 0-40C, with glycerol concentrations up to 30% whenever possible. Nevertheless, great losses in enzyme activity occasionally, and unaccountably, occurred at each of the steps 3-6.
Step 3. Phosphocellulose P-1l chromatography. The active peak fractions from DEAE-Sepharose CL-6B were pooled and dialyzed against 40 mM Tris Cl, pH 8.0/0.1 M NH4Cl/25% glycerol/0.5 mM dithiothreitol. The retentate was loaded onto a phosphocellulose column (1.25 x 19 cm) equilibrated with the same buffer. The column was then washed with buffer containing 0.2 M NH4Cl, and the enzyme was eluted with 0.45 M NH4Cl.
Step 4. Poly(U)-Sepharose 4B chromatography. The active fractions from step 3 were collected and dialyzed against the same buffer containing 50 mM NH4Cl. The retentate was then loaded onto a poly(U)-Sepharose 4B column (1.25 x 18 cm) equilibrated with the same buffer. The column was washed with 10 ml of the same buffer. The elution of the bound enzyme was carried out with a 90-ml linear gradient of 0.05-1.0 M NH4Cl.
Step 5. Glycerol-gradient centrifugation. The active fractions from step 4 were concentrated by ultrafiltration with gentle stirring, using Diaflo PM10 ultrafiltration membranes. NalodSO4/Polyacrylamide Slab Gel Electrophoresis. Discontinuous NaDodSO4/PAGE in 7.5% acrylamide gels was performed according to Laemmli (26) . The proteins in each fraction after glycerol-gradient centrifugation were precipitated by adding cold 50% (wt/vol) trichloroacetic acid/0.2% sodium deoxycholate to give a final trichloroacetic acid concentration of 15-20%. The mixtures were held in ice for at least 40 min and then were centrifuged at 10,000 x g for 15 min in polyethylene microcentrifuge tubes. The precipitate was washed three times with acetone at 0WC and resuspended in 20-25 ,ul of Laemmli sample buffer (26) . Protein bands on the gels were revealed either by Coomassie brilliant blue R-250 or by silver staining (27) .
RESULTS AND DISCUSSION
In contrast to previous reports, RNA-directed RNA polymerase is present in healthy cucumber cotyledons and leaves and can be partially purified by the same procedures used for the very much higher amounts of such enzymes that are present in CMV-infected tissue. Preparations of the enzyme from CMV-infected cucumber approach purity after repeated DEAE-Sepharose chromatography (Fig. 1B) . After further steps, the CMV replicase, first described as consisting of two polypeptide chains of Mr 100,000 and 110,000 by Symons and coworkers (21) (22) (23) , and obtained nearly pure by Takanami and Fraenkel-Conrat (18) , has now been obtained free from contaminating proteins but apparently associated with a third, short peptide chain (Fig. 2) 2 . NaDodSO4/PAGE (step 6) of RNA-directed RNA polymerase from CMV-infected cucumber. Lanes A: molecular weight markers (myosin, 200,000; f3-galactosidase, 116,000; phosphorylase b, 93,000; bovine serum albumin, 66,000; ovalbumin, 45,000). Lane B: enzyme preparation (step 3). Lane C: enzyme preparation (step 4). Lanes D-G: equal aliquots of consecutive fractions from glycerolgradient sedimentation (step 5); fraction F was the peak fraction of enzyme activity. different viruses, no evidence for differences was detected for enzymes from a given plant. In contrast, the tobacco enzyme clearly differed from the cowpea enzyme (29) , and that from CMV-infected tobacco clearly differed from that of CMV-infected cucumber (18) .
Thus, while there is no question that plants have RNAdirected RNA polymerases, our observation that the molecular weight of the enzyme from infected cucumber differs from that of the healthy-cucumber enzyme accords with the general belief that all RNA viruses carry their replicase gene or part thereof. However, the only CMV gene large enough to code for the Mr 100,000/110,000 proteins was reported, upon translation, to produce a protein differing in peptide pattern from the presumed CMV replicase (23) . We are thus faced with an impasse, and the only way out of this maze seems to be to propose that the cucumber enzyme protein is, upon CMV infection, processed from Mr 140,000 to Mr 100,000/110,000. Only further work (not by us), and particularly amino acid sequencing data, can solve that puzzle.
There is another unexplained puzzle that must be faced. Throughout the study of the CMV replicase in Symons' laboratory and, more recently, in our laboratory, poly(C) has been found to be by far the best template, giving synthesis 5-10 times that with viral templates, including CMV RNA, Biochemistry: Khan et al. I-- and higher than with poly(U,C). However, during the past year, poly(C) showed low template activity, and poly(U,C), as well as viral RNAs, were much more active with enzyme from infected and healthy plants. The use of various other CMV isolates and poly(C) preparations did not alter this situation. Thus template preference, previously a useful tool in the comparison of different RNA-directed RNA polymerases (11, 29) , was not applicable to this system.
Studies of the enzyme kinetics of CMV replicase showed regular Michaelis-Menten kinetics, with Km of 5 ,uM ([3H]GTP) when TMV RNA was used as template under standard conditions (Fig. 3 A and B) . However, with poly(C) as template, a sigmoid curve was obtained, suggesting positive cooperativity where the binding of one substrate molecule at one site enhances the binding of subsequent molecules at the other sites; classical Michaelis-Menten kinetic relationships were in that case not observed (Fig. 30 . The significance of these observations concerning the template properties of poly(C) remains to be elucidated. These and the more important questions, concerning the role of RNAdirected RNA polymerases in healthy plants and the mode by which viruses and viroids increase the production of these enzymes, will not be further studied in this laboratory.
